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Marcus theory for (non-adiabatic) 
electron-transfer

λ = λvibrational + λsolvation

Marcus, R.A. Rev. of Modern Phys. 1993, 65, 599-610. (Nobel Lecture)
Marcus, R.A.; Sutin, N. Biochim. Biophys. Acta 1985, 811, 2655.

Motivations:  Photo-electrochemistry
for solar energy conversion

For large RDA and low ket, 

For small RDA, HDA has strong angular dependence. 

〈HDA〉 ∝ exp (−β RDA)
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Laser-Induced Time-resolved X-ray Diffraction
LITR-XRD (Bragg diffraction):

Structural response to photo-induced
dipolar solvation response in a crystal



Ultrafast Changes of Molecular Crystal Structure Induced by Dipole Solvation
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Femtosecond photoexcitation of organic chromophores in a molecular crystal induces strong changes of
the electronic dipole moment via intramolecular charge transfer as is evident from transient vibrational
spectra. The structural response of the crystal to the dipole change is mapped directly for the first time by
ultrafast x-ray diffraction or diffuse scattering. Changes of diffracted and transmitted x-ray intensity
demonstrate an angular rearrangement of molecules around excited dipoles following the 10 ps kinetics of
charge transfer and leaving lattice plane spacings unchanged. Transient x-ray scattering is governed by
solvation, masking changes of the chromophore molecular structure.

DOI: 10.1103/PhysRevLett.98.248301 PACS numbers: 82.53.Xa, 42.65.Re, 61.10.!i, 61.66.Hq

The dislocation of electronic charge upon photoexcita-
tion, i.e., photoinduced charge transfer (CT), plays a fun-
damental role for the function of many organic and bio-
molecular systems, among them individual organic chro-
mophores—arrays of chromophores in, e.g., photosynthe-
sis and light emitting and conducting polymers. Both
intramolecular couplings and the interaction of the CT
system with its environment are relevant for the kinetics
and energetics of CT reactions. On a molecular level, CT
may be connected with changes in geometry of the charge
donating and accepting groups as well as with polar sol-
vation, a stabilization of the CT state by a rearrangement of
the surrounding.

Insight into CT induced changes of molecular structure
has remained limited as most spectroscopic methods
provide only indirect structural information. As a model
system, the transient structure of aminobenzonitriles as
4-(diisopropylamino)benzonitrile [DIABN, inset of
Fig. 1(a)] [1] has been investigated by ultrafast vibrational
spectroscopy in solution [2,3] and by x-ray diffraction [4–
6] with a 100 ps time resolution in molecular crystals.
However, the molecular structure of the excited intramo-
lecular charge transfer (ICT) state which is characterized
by a strong change of the electronic dipole moment com-
pared to the ground state, has remained controversial.

Very few studies treated the transient structure of a
molecular ensemble undergoing a (polar) solvation process
that is induced by a local photoinduced dislocation of
electronic charge [7–9]. In solution, transient vibrational
spectra of an excited chromophore in the fingerprint range
have revealed changes of local, e.g., hydrogen bond inter-
actions with the first solvent shell [7]. The collective
response of the solvent has been addressed by time-
resolved Raman studies of intermolecular low-frequency
modes during solvation [8]. While such Raman transients
clearly demonstrate changes in the frequency spectrum of
solvent fluctuations, they leave the transient molecular
structure mainly unresolved. This lack of structural infor-

mation calls for other, in particular, ultrafast structure-
resolving x-ray methods [10,11] for following changes in
molecular separations and orientations directly.

In this Letter, we demonstrate that the ultrafast rear-
rangements in a molecular crystal in response to a local
dipole change consist of an angular reorientation of mole-
cules leaving the spacing of lattice planes unchanged. A
combination of visible-pump midinfrared (IR) probe stud-
ies confirming the occurrence of intramolecular CT in
DIABN crystals and ultrafast x-ray diffraction or diffuse
scattering experiments give direct evidence that the x-ray
signals are dominated by solvation-related geometrical
changes of the crystal lattice, i.e, a collective response of
many molecules, rather than local geometrical changes of
excited chromophores. Dipole solvation occurs with a
10 ps rise time which is identical to the CT time. Under
the conditions of weak femtosecond excitation applied
here, a giant modulation of x-ray extinction around low
order reflections is found, an effect which may also be
present in many crystals made up of a complex unit cell
consisting of light elements (Z < 10).

Single crystals of DIABN (colorless plates, 2" 2 mm2,
thickness typically 50 !m) [12] with good optical quality
were grown by sublimation of crystalline powder in a
quartz tube. The crystal structure [Fig. 3(a)] is monoclinic
[C12=c1 (no. 15)] with 16 molecules in one unit cell [12].
Basically, the crystal forms 4 layers of molecules per unit
cell perpendicular to the c axis, which in turn contains
pairwise molecules of parallel or antiparallel orientation.

In the femtosecond experiments, the excitation wave-
length was 400 nm in the far red wing of the absorption
spectrum of DIABN (peak around 270 nm). This red-wing
excitation results in large penetration depths and corre-
spondingly low densities of excited chromophores.
Fluorescence experiments give evidence that the ICT-state
is formed under these conditions.

The CT kinetics in the crystal were studied using a
visible-pump IR-probe setup [13] with probe pulses in
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the mid-IR spectral range between 2060 and 2160 cm!1.
The polarization of the probe pulses lay in the plane
defined by the crystallographic a and b axis to eliminate
artifacts from birefringence. Excitation with 50 fs optical
pulses centered at 400 nm populates the so-called locally
excited (LE) state from which the ICT state is formed by
intramolecular CT. The latter process leads to a shift of
the CN stretching mode to lower frequency and a change of
its absorption strength [2,3]. In the DIABN crystal, we
find the CN stretching absorption in the ICT state at
2104 cm!1, rising with a characteristic time constant of
11 ps, the formation time of the ICT state [Fig. 1(a)].

Under the same excitation conditions the structural re-
sponse of the DIABN crystal was studied by diffracting
(transmitting) femtosecond hard x-ray pulses of 8.05 keV

photon energy and 200 fs duration [14] off (through) the
excited sample and recording changes of the respective
intensity as a function of delay time. The experimental
setup is similar to that described in Refs. [15,16]. Here,
however, we include a multilayer x-ray mirror for focusing
the x-ray beam onto the sample [17]. The direct beam was
attenuated with Cu filters after transmission through the
sample and recorded together with the Bragg reflected
beam on the same x-ray CCD detector. A small fraction
of 10!4 of the molecules in the crystal was excited by the
pump pulses, 2 orders of magnitude less than in earlier
studies [6].

In the x-ray diffraction experiments we study the 004
and 006 Bragg peaks in the extended face geometry [18]
using copper K! radiation (" " 0:154 nm). We measure
the reflected intensity integrated over the Bragg peak. For a
typical crystal thickness of d " 50 #m, the steady-state
peak reflectivity has values of R#004$ % 0:005 (width
0.15&) and R#006$ % 0:001, in good agreement with the
kinematic diffraction theory for ideally imperfect crystals
[18]. In Fig. 2 the measured x-ray transmission (solid line)
is plotted as a function of the angle $. The transmission
curve indicates a strong anisotropic beam extinction which
is much stronger than the losses caused by Bragg reflec-
tion, isotropic x-ray absorption of mainly core electrons
(calculated, dashed line) or inelastic Compton scattering.
The high extinction thus originates from elastic diffuse
x-ray scattering [19].

In femtosecond time-resolved x-ray diffraction, we ob-
serve strong transient changes of x-ray reflectivity of the

FIG. 1 (color online). Femtosecond pump-probe data mea-
sured on single DIABN crystals. In each case the crystal is
excited with a 50 fs pulse at "ex " 400 nm. (a) Transient rise
(time constant: 11 ps) of the CN stretching absorption (inset) of
molecules in the ICT state at 2104 cm!1 (perturbed free induc-
tion decay for %< 1 ps not shown). (b),(c) Time-resolved
change of the x-ray reflectivity !R=R0 measured on the 004
(red circles) and 006 Bragg reflections (blue circles). The re-
spective transmission change !T=T0 (open symbols) is identical
to the reflectivity change, i.e., !T=T0 " !R=R0.

FIG. 2 (color online). Measured x-ray transmission (solid line,
" " 0:154 nm) of a single (50 #m thick) DIABN crystal as a
function of the angle $ explained in the inset. Since the ex-
tinction is not an intrinsic property (i.e., it depends also on the
degree of disorder, purity, etc.) the measured curve varies
slightly from crystal to crystal. The positions of the Bragg angles
of the 004 and 006 reflections are shown for comparison. The
calculated x-ray absorption contribution (dashed line) to the
entire beam extinction plays a minor role. The latter is domi-
nated by diffuse x-ray scattering.
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depending on the distance to the CT dipoles. These inho-
mogeneous electric fields generate the torque on the un-
excited molecules which drives their angular reorientation.
The dipolar forces and torques can also excite phonons,
which might be the origin of oscillatory features observed
after !10 ps.

Finally, we estimate the expected rotational disorder
from the solvation point of view. A solvation energy of
!Esolv " 2000 cm#1 (derived from the fluorescence
Stokes shift [1]) together with the measured refractive
index of n $ 1:8 allows for an estimate of the contribution
of molecular reorientation to the static dielectric function
of the crystal !%! ! 0&. The corresponding elastic torque
constant of Drot " 10 000 cm#1 gives—for electric fields
between 106 and 1010 V=m—molecular rotation angles
from 0.01' up to "10' (upper limit due to steric hinder-

ing), i.e., a sufficient rotational disorder to break the calcu-
lated anisotropy.

In conclusion, structural changes underlying a polar
solvation process were directly observed by ultrafast
x-ray diffuse scattering. The photoinduced CT of a small
fraction of chromophores in a molecular crystal causes
angular reorientation of the unexcited polar environment
and determines the transient x-ray response of the system
whereas local changes of the chromophore geometry play a
negligible role. Monitoring local changes of molecular
structure by x-ray diffraction requires a suppression of
such solvation processes, e.g., by dissolving the system
of interest in a nonpolar crystalline environment.
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ungsgemeinschaft (No. SPP 1134). We thank E. Fill and
R. Tommasini, Max-Planck-Institute for Quantum Optics,
Garching, for exploratory experiments early in this project.
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FIG. 3 (color online). (a) Cluster of 72 molecules in the crystal
structure of DIABN. (b) The calculated total elastic x-ray
scattering cross section per electron of a nanocrystal containing
100 DIABN molecules as a function of the direction of the
incident x-ray beam (" $ 0:154 nm.). The black mesh [orienta-
tion as molecules in (a)] shows the strongly anisotropic result
along the axis of the aligned molecules. Circles: detailed anisot-
ropy for directions of the incident beam around the 004 and 006
Bragg reflections.
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Applications of Laser-Induced Time-Resolved
X-ray Absorption Spectroscopy (LITR-XAS)



discrete excited state at its optimal concentration is necessary,
because the population-decay kinetics of the excited state can
be followed by the transient optical spectroscopy much more
easily.

1.4. Scope of the Review

This review focuses mainly on the use of pulsed X-rays to
resolve structures of photogenerated excited states or other
transient states in disordered media during photochemical
reactions. The enormous breakthroughs by using time-
resolved X-ray-diffraction methods on crystalline materials,
proteins, and surfaces deserve separate reviews. Moreover,
this review emphasizes only recent studies and assumes
familiarity with earlier work. For the second part of the
review, challenges in laser-pulse pump X-ray pulse–probe
experiments will be discussed with emphasis on the use of
synchrotron X-rays. The third section is devoted to recent
examples related to photochemistry, excluding those in
condensed phase physics, materials science, and engineering.
The fourth section lists recent work by using X-ray techniques
other than X-ray absorption spectroscopy (XAS). Finally,
perspectives in future time-resolved X-ray studies in con-
densed phase photochemistry will be briefly described.

2. Challenges in Laser-pump, X-ray probe XAS

2.1. Background

In principle, X-rays techniques for solving steady-state
structures, such as diffraction, scattering, and absorption, can
be applied directly to solving excited-state structures. The X-
ray diffraction is based on coherent interference of scattered
X-rays from ordered lattices, and determines atomic coor-
dinates with the resolution up to one thousandth of angstroms
in single crystals or powders that are either macroscopically or
microscopically ordered lattices.[70] X-ray scattering originates
from pair distributions of electrons in an entity that varies
from molecules to bulk materials.[71] X-ray absorption
spectroscopy, including X-ray absorption fine structure
(XAFS) and X-ray absorption near edge structure
(XANES), arises from resonant absorptions that result from
electronic transitions from core levels to the continuum.[72–75]

Following Fermi's golden rule, XAS measures dipole-
mediated transitions of an electron in a deep core state j ii
into an unoccupied state j fi. The absorption m(E) is propor-
tional to ! j hf j e·r j ii j 2 d(E), in which e·r is an electronic-
transition dipole operator, and E is the energy of the X-ray
photon.[76] XAFS results from the interference between the
outgoing photoelectron wave from the X-ray absorbing
central atom and the back-scattered photoelectron waves
from neighboring atoms (Figure 5).[72–75] The X-ray absorp-
tion cross section of the atom is modulated by the interference
of the two waves as a function of E, and is determined by the
number of neighboring atoms and their distances to the
central X-ray absorbing atom. The pioneering work by Sayers,
Stern, and Lytle laid the foundation for modern XAFS

analysis,[72–75] in which they translated the modulations on the
absorption cross section of the atom into its local structure by
Fourier transform, which converts the spectrum from energy
space to distance space. The resulting spectrum displays
multiple peaks that correspond to different distances from the
central X-ray absorbing atom to its neighboring atoms. The
correlation between the structural parameters and the
modulation frequencies can be described by Equation (1):

cðkÞ /
X

j

Nj FjðkÞe#2s2k2 e#
2 r

lj ðkÞ
sin½2 k rj þ dijðkÞ&

k r2j
ð1Þ

in which j is the index for the neighboring shells of atoms that
surround the central X-ray absorbing atom, F(k) is the back-
scattering amplitude, N is the coordination number, r is the
average distance, s is the Debye–Waller factor due to thermal
vibration and static disorder, l is the electron mean-free path,
d is the phase shift of the photoelectron wave, and k is the
wavevector, k= [2m(E#E0)/"h

2]1/2 (m is the electron mass and
E0 is the threshold energy for the transition edge). Due to a
limited range of the free-electron path and the Debye–Waller-
factor damping from the heterogeneity in distance between
the central atom to neighboring atoms, XAFS is essentially
for local structure determination with high precision and
without restriction on the form of the samples.[77]

XANES refers to the X-ray absorption near edge
structure, including the pre-edge, the transition edge, and
30–50 eV above the edge (Figure 5). The pre-edge bands are
attributed to electronic transitions from the core level to
empty bound states.[77] Hence, they follow selection rules for
the dipolar transitions, and are directly related to the density
of the states (DOS) and the occupancy of these states. The
pre-edge bands are sensitive to electronic structural changes
related to molecular orbital energies and occupancies. The
transition-edge position is responsive to the oxidation state of
the element because of the charge-shielding effect on the
ionization threshold for the core electrons, and to the
coordination geometry because of the variation of the
molecular-orbital energy in different coordination geome-
tries.

Figure 5. The interference between out-going and back-scattered X-ray
photoelectron waves is the foundation of XAFS. The normally referred
XANES and XAFS regions are marked. E0 is the energy of the transition
edge for the element.
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Understanding the Complex Photophysics of Cu(I)(dmp)2

Ultrafast Structural Rearrangements in the MLCT Excited

State for Copper(I) bis-Phenanthrolines in Solution
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Abstract: Ultrafast excited-state structural dynamics of [CuI(dmp)2]+ (dmp ) 2,9-dimethyl-1,10-phenan-

throline) have been studied to identify structural origins of transient spectroscopic changes during the

photoinduced metal-to-ligand charge-transfer (MLCT) transition that induces an electronic configuration

change from Cu(I) (3d10) to Cu(II) (3d9). This study has important connections with the flattening of the

Franck-Condon state tetrahedral geometry and the ligation of Cu(II)* with the solvent observed in the
thermally equilibrated MLCT state by our previous laser-initiated time-resolved X-ray absorption spectroscopy

(LITR-XAS) results. To better understand the structural photodynamics of Cu(I) complexes, we have studied

both [CuI(dmp)2]+ and [CuI(dpp)2]+ (dpp ) 2,9-diphenyl-1,10-phenanthroline) in solvents with different

dielectric constants, viscosities, and thermal diffusivities by transient absorption spectroscopy. The observed

spectral dynamics suggest that a solvent-independent inner-sphere relaxation process is occurring despite

the large amplitude motions due to the flattening of the tetrahedral coordinated geometry. The singlet

fluorescence dynamics of photoexcited [CuI(dmp)2]+ were measured in the coordinating solvent acetonitrile,

using the fluorescence upconversion method at different emission wavelengths. At the bluest emission

wavelengths, a prompt fluorescence lifetime of 77 fs is attributed to the excited-state deactivation processes

due to the internal conversion and intersystem crossing at the Franck-Condon state geometry. The
differentiation between the prompt fluorescence lifetime with the tetrahedral Franck-Condon geometry
and that with the flattened tetrahedral geometry uncovers an unexpected ultrafast flattening process in the

MLCT state of [CuI(dmp)2]+. These results provide guidance for future X-ray structural studies on ultrafast

time scale, as well as for synthesis toward its applications in solar energy conversion.

Introduction

Copper(I) diimine coordination complexes (denoted [CuI-

(NN)2]+) have a long, rich history that parallels that of their

transition-metal cousins, polypyridyl ruthenium(II) systems.1-11

Current interest is driven by a desire to employ transition metal

coordination complexes in applications from solar energy

conversion12 to chemical sensing13,14 and molecular devices.15-17

To make these applications economical and viable, much

attention is being focused on first-row transition-metal-based

systems. In particular, cuprous diimine complexes have been

considered as potential substitutes for ruthenium(II) and os-

mium(II) systems.18

Pioneering work toward elucidation of the unique photo-

physical and photochemical properties of [CuI(NN)2]+ com-

plexes has been reported by McMillin and co-workers over the
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TIME-RESOLVED X-RAY ABSORPTION SPECTROSCOPY C-3

Figure 10 (A) Molecular structure and excited state pathways for CuI(dmp)2
+ in

solution. (B) X-ray absorption near edge structure (XANES) spectra of CuI(dmp)2
+

in both solvents. The green dots represent the spectra of the metal-to-ligand charge
transfer (MLCT) state that overlaps well with the ground state CuII(dmp)2

+ (black
lines on the right panel). (C) Fourier transform x-ray absorption fine structure (FT-
XAFS) spectra show the average nearest neighbor distance in the MLCT state is
shifted longer in toluene and shorter in acetonitrile (no phase correction).
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XAFS of Cu(I)(dmp)2 in solution
C-4 CHEN

Figure 10 (Continued)
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Comparison electrochemical and Cu(I)DMP2 excited
state difference scattering patterns

 Clear excited state difference scattering
 Excited-state reorganization differs from ground state Cu(I)/C(II) reorganization
 Excited-state reorganization includes:

– Small angle: 5th ligand coordination (tris(hydroxymethyl)aminomethane )
– High angle: heat + solvent reorganization
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Applications of Laser-Induced Time-Resolved
Small-Angle X-ray Scattering (LITR-SAXS):

Towards a Structural Understanding
of Photo-induced Solvation and 

Charge-Transfer Processes in Ionic Liquids



is placed on the droplet in order to apply the gate voltage VG,
so that formation of the EDLs in the electrolyte can induce
high-density carriers at the top surface of the crystal, while
the gate voltage across the SiO2 gate insulator induced car-
riers at the bottom surface for comparison.

The EDL capacitances CEDL of the two ILs are measured
using a test structure consisting of a 50 !m thick IL layer
sandwiched by Au films. Solartron 1260 and 1296 imped-
ance analyzers are used to obtain the frequency profiles over
the range of 0.1 Hz–1 MHz with the application of ac volt-
age amplitude of 10 mV. As shown in Fig. 1!b", the values of
the capacitance increase with decreasing frequency to reach
11 and 5.4 !F /cm2 at 0.1 Hz for EMITFSI and EMIFSI,

respectively. If we assume the thickness of the EDLs to be
typical length scales of the ionic molecules, the dielectric
constant "el would be #13 and 6.3 for EMITFSI and
EMIFSI, respectively. The values are close to those reported
for polymer electrolytes.15–17 Though the reason of the fre-
quency dependence in the range of 0.1–10 Hz has not been
elucidated yet, it is suspected that the rotational rearrange-
ment of the ionic molecules is responsible for the observa-
tion of the slow relaxation. As a consequence of such high
values of the EDL of EMITFSI, application of the gate volt-
age of 0.5 V leads to the carrier density as high as #1.0
#1013 /cm2, which is comparable to the maximum carrier
density that the usual SiO2 devices can reach. It is to be
emphasized that the EDL capacitance of the ILs remain large
even at 1 MHz; the value is only one order of magnitude
lower than that at 0.1 Hz for the both compounds, demon-
strating the fast ionic diffusion in response to the voltage
application. Therefore, the EDL OFETs incorporating the ILs
allow switching operation at such a high frequency, which
none of the previously reported devices with polymer elec-
trolytes do.

Figures 2!a" and 2!b" show transfer characteristics of the
device with EMIFSI and EMITFSI, respectively. Simulta-
neously measured gate leakage current through the electro-
lytes is negligibly small as compared to the drain current ID,
that is less than 0.1 nA as long as $VG$ is less than 0.2 V. A
sweeping rate of 0.01 V /s results in relatively small hyster-
esis for EMITFSI while a noticeable hysteresis is observed
for EMIFSI between forward and reverse sweeps. Since the
ac impedance in Fig. 1!b" does not show additional relax-
ation for EMIFSI as compared to that for EMITFSI, the dif-
ferent dynamic response comes from interfacial characters at
the EMIFSI/rubrene crystal boundaries such as of hole-
trapping levels possibly due to impurities in the IL or inclu-
sion of water from atmosphere.

Figure 3 shows output characteristics of the rubrene
crystal FETs with the two IL electrolytes. It is again notice-

FIG. 1. !Color online" !a" Chemical structures of the ILs used in this device;
EMIFSI !left" and EMITFSI !right". !b" Capacitance of the ILs as a function
of frequency measured by the ac impedance technique.

FIG. 2. !Color online" Transfer characteristics of the EDL OFETs with
EMIFSI !a" and EMITFSI !b". The dotted lines are drawn to estimate the
hole mobility ! of the devices. The arrows indicate the direction of the
sweeps. The inset shows a schematic illustration of the dual-gate rubrene
single crystal field-effect transistor with ionic liquid electrolyte.

FIG. 3. !Color online" Output characteristics of the devices with
EMIFSI !a" and EMITFSI !b" with different gate voltages !VG
=0.20,0.15,0.10,0.05,0.00, −0.05, −0.10, −0.15, −0.20 V, respectively".
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High-mobility, low-power, and fast-switching organic field-effect transistors
with ionic liquids
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We report high-mobility rubrene single-crystal field-effect transistors with ionic-liquid !IL"
electrolytes used for gate dielectric layers. As the result of fast ionic diffusion to form electric
double layers, their capacitances remain more than 1 !F /cm2 even at 0.1 MHz. With high carrier
mobility of 1.2 cm2 /V s in the rubrene crystal, pronounced current amplification is achieved at the
gate voltage of only 0.2 V, which is two orders of magnitude smaller than that necessary for organic
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Field-effect transistors !FETs" based on organic semi-
conductors have been extensively investigated for the recent
decade, in which realizing high-mobility, low-power, and
fast-switching devices has been a central subject to take the
best advantage of their simple and low-cost production
processes.1 For this purpose, the material combination in the
layered structure of organic FETs is being intensively studied
because the interfacial phenomena are crucial in determining
their device performances. While most of the studies for de-
vice applications are based on thin-film organic polycrystal-
line semiconductors, organic single-crystal FETs are advan-
tageous to study because of its intrinsic material potentials
and the interfacial properties both at the semiconductor-
electrode and the semiconductor-insulator boundaries in
the absence of the grain boundaries.2–4 Recently marked
progresses in the studies of the single-crystal transistors have
been achievements of mobility exceeding 20 cm2 /V s !Refs.
5–8" which is already much higher than that of amorphous
silicon transistors, and detection of the normal Hall effect,
evidencing the bandlike transport mechanism.9,10

Most common gate dielectrics used for the organic FETs
are typically 100–500 nm thick SiO2 or polymer layers,
whose capacitances are in the range of 5–30 nF /cm2.
With such relatively low capacitance, the maximum carrier
density is limited in the order of 1013 cm−1 even at the gate
voltage VG of 100 V, which is already close to dielectric
breakdown.11 As one of the alternative methods to accumu-
late carriers more efficiently, there have been significant in-
terest in making use of electrolytes. When VG is applied to
the electrolytes, electric double layers !EDLs" are formed
after the ionic redistribution, so that VG is sustained only at
typically 1 nm thick EDLs. As the result, capacitance of
the EDLs exceeds %10 !F /cm2, meaning that orders of
magnitude higher density carriers are accumulated at the sur-
face of the semiconductors at the same VG as compared to
those in the SiO2 organic FETs. Recently, it has been dem-
onstrated by several groups that the devices with polymer
electrolytes are indeed successful for the high density carrier

accumulation.12–19 A drawback of the polymer electrolytes,
however, is their slow ionic diffusion before the EDL forma-
tion, which is actually fatal to the switching speed of the
transistors. Moreover, many devices with the polymer elec-
trolytes suffer from serious deterioration in carrier mobility
due to possible damages at the interface to the organic semi-
conductors, which reduces the merit of the EDL-FETs.

In this letter, we introduce ionic liquids !ILs", also
known as room-temperature molten salts, for the electrolyte
in the rubrene single-crystal EDL-FETs. Without any sol-
vent, ILs show distinctive properties of high thermal stability
and no volatility, therefore attracting interests in the material
properties themselves.20 The advantage of the ILs electrolyte
in the OFETs is its high-speed formation of the EDLs; the
rapid ionic diffusion of the ions typically in %1 !s is trans-
lated into 1-MHz-switching OFETs. We also show that it is
possible to keep the surface of the rubrene crystal relatively
in a good condition by choosing a proper compound for the
ILs, so that mobility of 1.2 cm2 /V s is realized. As the result,
sufficiently large on current is achieved even with the gate
voltage less than 0.5 V, with the benefit of the large capaci-
tance of the EDLs.

The ILs which we use in this experiment are 1-ethyl-
3methylimidazolium bis!fluorosulfonyl"imide !EMIFSI"
and 1-ethyl-3methylimidazolium bis!trifluoromethanesulfo-
nyl"imide !EMITFSI"; the structure of these materials are
shown in Fig. 1!a". These ILs in the imidazolium family have
been known to have rather high ion conductivity at room
temperature #!%2–3""10−2 S /cm$ and widely used in the
studies for potential application in a variety of solid state
electrochemical devices, such as fuel cells,21 and lithium
batteries.22,23

We have placed a droplet of IL electrolyte under a gold
wire for a gate electrode on top of a rubrene single crystal to
form the Au/IL electrolyte/rubrene single crystal/SiO2/doped
Si dual-gate structure shown in Fig. 2, replacing polymer gel
electrolyte with the IL based on our earlier study.15 The chan-
nel dimensions between source and drain electrodes are
w=100 !m in width and L=30 !m in length, which the
droplet of the IL completely covers. A 25 !m thick gold wirea"Electronic mail: shimpei@criepi.denken.or.jp.

APPLIED PHYSICS LETTERS 92, 103313 !2008"

0003-6951/2008/92"10!/103313/3/$23.00 © 2008 American Institute of Physics92, 103313-1
Downloaded 21 Apr 2008 to 128.6.78.77. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp

High-mobility, low-power, and fast-switching organic field-effect transistors
with ionic liquids

S. Ono,1,a! S. Seki,1 R. Hirahara,2 Y. Tominari,2 and J. Takeya2,3
1Central Research Institute of Electric Power Industry, Komae, Tokyo 201-8511, Japan
2Graduate School of Science, Osaka University, Toyonaka 560-0043, Japan
3PRESTO, Japan Science and Technology Agency, Kawaguchi 332-0012, Japan

!Received 15 January 2008; accepted 26 February 2008; published online 13 March 2008"

We report high-mobility rubrene single-crystal field-effect transistors with ionic-liquid !IL"
electrolytes used for gate dielectric layers. As the result of fast ionic diffusion to form electric
double layers, their capacitances remain more than 1 !F /cm2 even at 0.1 MHz. With high carrier
mobility of 1.2 cm2 /V s in the rubrene crystal, pronounced current amplification is achieved at the
gate voltage of only 0.2 V, which is two orders of magnitude smaller than that necessary for organic
thin-film transistors with dielectric gate insulators. The results demonstrate that the IL/organic
semiconductor interfaces are suited to realize low-power and fast-switching field-effect transistors
without sacrificing carrier mobility in forming the solid/liquid interfaces. © 2008 American Institute
of Physics. #DOI: 10.1063/1.2898203$

Field-effect transistors !FETs" based on organic semi-
conductors have been extensively investigated for the recent
decade, in which realizing high-mobility, low-power, and
fast-switching devices has been a central subject to take the
best advantage of their simple and low-cost production
processes.1 For this purpose, the material combination in the
layered structure of organic FETs is being intensively studied
because the interfacial phenomena are crucial in determining
their device performances. While most of the studies for de-
vice applications are based on thin-film organic polycrystal-
line semiconductors, organic single-crystal FETs are advan-
tageous to study because of its intrinsic material potentials
and the interfacial properties both at the semiconductor-
electrode and the semiconductor-insulator boundaries in
the absence of the grain boundaries.2–4 Recently marked
progresses in the studies of the single-crystal transistors have
been achievements of mobility exceeding 20 cm2 /V s !Refs.
5–8" which is already much higher than that of amorphous
silicon transistors, and detection of the normal Hall effect,
evidencing the bandlike transport mechanism.9,10

Most common gate dielectrics used for the organic FETs
are typically 100–500 nm thick SiO2 or polymer layers,
whose capacitances are in the range of 5–30 nF /cm2.
With such relatively low capacitance, the maximum carrier
density is limited in the order of 1013 cm−1 even at the gate
voltage VG of 100 V, which is already close to dielectric
breakdown.11 As one of the alternative methods to accumu-
late carriers more efficiently, there have been significant in-
terest in making use of electrolytes. When VG is applied to
the electrolytes, electric double layers !EDLs" are formed
after the ionic redistribution, so that VG is sustained only at
typically 1 nm thick EDLs. As the result, capacitance of
the EDLs exceeds %10 !F /cm2, meaning that orders of
magnitude higher density carriers are accumulated at the sur-
face of the semiconductors at the same VG as compared to
those in the SiO2 organic FETs. Recently, it has been dem-
onstrated by several groups that the devices with polymer
electrolytes are indeed successful for the high density carrier

accumulation.12–19 A drawback of the polymer electrolytes,
however, is their slow ionic diffusion before the EDL forma-
tion, which is actually fatal to the switching speed of the
transistors. Moreover, many devices with the polymer elec-
trolytes suffer from serious deterioration in carrier mobility
due to possible damages at the interface to the organic semi-
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progresses in the studies of the single-crystal transistors have
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5–8" which is already much higher than that of amorphous
silicon transistors, and detection of the normal Hall effect,
evidencing the bandlike transport mechanism.9,10
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transistors. Moreover, many devices with the polymer elec-
trolytes suffer from serious deterioration in carrier mobility
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ILs, so that mobility of 1.2 cm2 /V s is realized. As the result,
sufficiently large on current is achieved even with the gate
voltage less than 0.5 V, with the benefit of the large capaci-
tance of the EDLs.
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been known to have rather high ion conductivity at room
temperature #!%2–3""10−2 S /cm$ and widely used in the
studies for potential application in a variety of solid state
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electrolyte with the IL based on our earlier study.15 The chan-
nel dimensions between source and drain electrodes are
w=100 !m in width and L=30 !m in length, which the
droplet of the IL completely covers. A 25 !m thick gold wirea"Electronic mail: shimpei@criepi.denken.or.jp.

APPLIED PHYSICS LETTERS 92, 103313 !2008"

0003-6951/2008/92"10!/103313/3/$23.00 © 2008 American Institute of Physics92, 103313-1
Downloaded 21 Apr 2008 to 128.6.78.77. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp

High-density carrier doping
minimum gate voltages
high carrier mobility
fast-switching, low-power OFETs

is placed on the droplet in order to apply the gate voltage VG,
so that formation of the EDLs in the electrolyte can induce
high-density carriers at the top surface of the crystal, while
the gate voltage across the SiO2 gate insulator induced car-
riers at the bottom surface for comparison.

The EDL capacitances CEDL of the two ILs are measured
using a test structure consisting of a 50 !m thick IL layer
sandwiched by Au films. Solartron 1260 and 1296 imped-
ance analyzers are used to obtain the frequency profiles over
the range of 0.1 Hz–1 MHz with the application of ac volt-
age amplitude of 10 mV. As shown in Fig. 1!b", the values of
the capacitance increase with decreasing frequency to reach
11 and 5.4 !F /cm2 at 0.1 Hz for EMITFSI and EMIFSI,

respectively. If we assume the thickness of the EDLs to be
typical length scales of the ionic molecules, the dielectric
constant "el would be #13 and 6.3 for EMITFSI and
EMIFSI, respectively. The values are close to those reported
for polymer electrolytes.15–17 Though the reason of the fre-
quency dependence in the range of 0.1–10 Hz has not been
elucidated yet, it is suspected that the rotational rearrange-
ment of the ionic molecules is responsible for the observa-
tion of the slow relaxation. As a consequence of such high
values of the EDL of EMITFSI, application of the gate volt-
age of 0.5 V leads to the carrier density as high as #1.0
#1013 /cm2, which is comparable to the maximum carrier
density that the usual SiO2 devices can reach. It is to be
emphasized that the EDL capacitance of the ILs remain large
even at 1 MHz; the value is only one order of magnitude
lower than that at 0.1 Hz for the both compounds, demon-
strating the fast ionic diffusion in response to the voltage
application. Therefore, the EDL OFETs incorporating the ILs
allow switching operation at such a high frequency, which
none of the previously reported devices with polymer elec-
trolytes do.

Figures 2!a" and 2!b" show transfer characteristics of the
device with EMIFSI and EMITFSI, respectively. Simulta-
neously measured gate leakage current through the electro-
lytes is negligibly small as compared to the drain current ID,
that is less than 0.1 nA as long as $VG$ is less than 0.2 V. A
sweeping rate of 0.01 V /s results in relatively small hyster-
esis for EMITFSI while a noticeable hysteresis is observed
for EMIFSI between forward and reverse sweeps. Since the
ac impedance in Fig. 1!b" does not show additional relax-
ation for EMIFSI as compared to that for EMITFSI, the dif-
ferent dynamic response comes from interfacial characters at
the EMIFSI/rubrene crystal boundaries such as of hole-
trapping levels possibly due to impurities in the IL or inclu-
sion of water from atmosphere.

Figure 3 shows output characteristics of the rubrene
crystal FETs with the two IL electrolytes. It is again notice-

FIG. 1. !Color online" !a" Chemical structures of the ILs used in this device;
EMIFSI !left" and EMITFSI !right". !b" Capacitance of the ILs as a function
of frequency measured by the ac impedance technique.

FIG. 2. !Color online" Transfer characteristics of the EDL OFETs with
EMIFSI !a" and EMITFSI !b". The dotted lines are drawn to estimate the
hole mobility ! of the devices. The arrows indicate the direction of the
sweeps. The inset shows a schematic illustration of the dual-gate rubrene
single crystal field-effect transistor with ionic liquid electrolyte.

FIG. 3. !Color online" Output characteristics of the devices with
EMIFSI !a" and EMITFSI !b" with different gate voltages !VG
=0.20,0.15,0.10,0.05,0.00, −0.05, −0.10, −0.15, −0.20 V, respectively".
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Some Motivation for Understanding 
Structure and Dynamics in Ionic Liquids



X-ray scattering in different angle regimes provides information about all
levels of assembly structure
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Size, shape, inter-particle correlations
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Examples of some novel Ionic Liquids



Conformational Heterogeneity in Ionic Liquids
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connected to the imidazolium nitrogens); atoms that we identify
as forming the nonpolar region of the ion are those from C2 in
the alkyl chains onward. The rationale for such a division is
illustrated in the electrostatic surface potential plot in Figure 3.
In anions such as BF4, PF6, CF3SO3-, and (CF3SO2)2N-, all
atoms belong to the charged set.
Visualization of the charged and nonpolar domains that

eventually form in the liquid phase can be achieved in a very
effective way by applying a coloring code: red was chosen for
the atoms of the charged or “polar” regions, and green, for those
of the nonpolar ones, as in Figure 4. Examples of simulation
boxes containing ionic liquids are shown in Figure 5.
The results of the present study agree with those of Wang

and Voth25 concerning the broad picture, but our use of an
explicit-atom model provided additional detail. The distribution
of the charged domains is not homogeneous, but instead, it has
the form of a continuous tridimensional network of ionic
channels, coexisting with the nonpolar domains which form, in

some cases, dispersed microphases (in C2) or, in others,
continuous ones (in C12).
The simulation snapshots of Figure 5, especially those

rendered under the red/green polar/nonpolar convention, provide
a powerful visual insight into the nature and evolution of the
observed structures as the length of the nonpolar chain is
increased. However, a more complete analysis can be performed
if the radial distribution functions (and corresponding static
structure factors) are considered.
Polar Tridimensional Network. All of the IL structures in

Figure 5, from C2mim to C12mim, exhibit polar (red) domains
that become more and more permeated by nonpolar (green)
regions but, nevertheless, manage to preserve their continuity.
An analogy can be made to a gel, where, despite the eventual
swelling of the system, the interconnectivity of the cross-linked
phase remains intact.
To confirm the persistence of the polar structure as the alkyl-

chain length increases, we first analyzed the anion-anion center-
of-mass RDFs, shown in Figure 6a. It is obvious that the anion-
anion distances remain the same in all ILs, meaning that the
presence of longer alkyl chains will have to be accommodated
for without disruption of the cation-anion network and their
characteristic distances.

Figure 2. Site-site intermolecular radial distribution functions of the
terminal carbon of the alkyl side-chain in several ionic liquids composed
of 1-alkyl-3-methylimidazolium cations and PF6 or (CF3SO2)2N- anions.

Figure 3. Mapping of the electrostatic potential onto an isoelectronic
density surface obtained ab initio at the MP2 level (darker blue shades
represent more positive regions) in the C4mim+ cation. Details of the
calculations can be found in the literature.27

Figure 4. Coloring code used to distinguish the “polar” from the
“nonpolar” regions of the ions: (left) Corey, Pauling, Koltun
(CPK) coloring; (right) red/green coloring. The example given is
[C4mim][PF6].

Figure 5. Snapshots of simulation boxes containing 700 ions of
[Cnmim][PF6]. The application of a coloring code enables clear
identification of the charged and nonpolar domains that form in ionic
liquids. The lengths of the box sides are given: (a) [C2mim][PF6] CPK
coloring; (b) [C2mim][PF6] same configuration as in a with red/green
(charged/nonpolar) coloring; (c) [C4mim][PF6] l ) 49.8 Å; (d)
[C6mim][PF6] l ) 52.8 Å; (e) [C8mim][PF6] l ) 54.8 Å; (f) [C12mim]-
[PF6] l ) 59.1 Å.
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Nanometer-scale structuring in room-temperature ionic liquids is observed using molecular simulation. The
ionic liquids studied belong to the 1-alkyl-3-methylimidazolium family with hexafluorophosphate or with
bis(trifluoromethanesulfonyl)amide as the anions, [Cnmim][PF6] or [Cnmim][(CF3SO2)2N], respectively. They
were represented, for the first time in a simulation study focusing on long-range structures, by an all-atom
force field of the AMBER/OPLS_AA family containing parameters developed specifically for these compounds.
For ionic liquids with alkyl side chains longer than or equal to C4, aggregation of the alkyl chains in nonpolar
domains is observed. These domains permeate a tridimensional network of ionic channels formed by anions
and by the imidazolium rings of the cations. The nanostructures can be visualized in a conspicuous way
simply by color coding the two types of domains (in this work, we chose red ) polar and green ) nonpolar).
As the length of the alkyl chain increases, the nonpolar domains become larger and more connected and
cause swelling of the ionic network, in a manner analogous to systems exhibiting microphase separation. The
consequences of these nanostructural features on the properties of the ionic liquids are analyzed.

Introduction

Room-temperature ionic liquids (RTILs) are low-melting
organic salts whose unique properties have been leading to an
increasing number of applications as solvents or reaction media.
Some of those properties were interpreted as the result of
structural features of the liquid phase at the molecular level.1

One of the most widely used and studied ionic liquid families
is the one based on imidazolium cations, in particular 1-alkyl-
3-methylimidazolium hexafluorophosphates [Cnmim][PF6]. The
cations are composed of a polar headgroup, where most of the
electrostatic charge is concentrated, and of a nonpolar alkyl side
chain, whereas the PF6- anion is octahedral, hence almost
spherical. The main difference between RTILs and simple
molten salts2,3 is the molecular asymmetry built into (at least
one of) the ions, usually the cation, as in the example given.
This asymmetry opposes the strong charge ordering due to the
ionic interactions that normally would cause the system to
crystallize, and thus, a wide liquid range is obtained. Due to
the molecular structure of the cations in [Cnmim][PF6] ILs, liquid
crystalline phases are observed for alkyl side chains longer than
dodecyl, but up to C12, the liquid phase is isotropic.4

To our knowledge, Compton was the first author to postulate
that ionic liquids containing dissolved water “may not be
regarded as homogeneous solvents, but have to be considered
as nano-structured with polar and nonpolar regions”,5 to explain
the large differences in the diffusion of neutral and charged
solutes that are observed when comparing dry and wet ionic
liquids. These authors did not extend such a hypothesis to pure
ionic liquids, but one of them considered the existence of
hydrogen-bond networks.6

Such hydrogen-bond networks observed in solution7 are also
found in the solid phase. In fact, the structure of some ILs that
are solid at room temperature was determined by X-ray
diffraction methods8 and, in the case of [Cnmim]+ ILs, the
structures show that the solid consists of an extended network
of cations and anions connected together by hydrogen bonds
(through the aromatic hydrogens of the imidazolium ring but
also through the hydrogen atoms of the methyl or methylene
groups directly attached to the ring), with each cation surrounded
by at least three anions and each anion surrounded by at least
three cations. Although the number of anions that surround the
cation (and vice-versa) can change depending upon the anion
size and the imidazolium alkyl substituents, this hydrogen-
bonded network of ions is a common feature of imidazolium
crystals6 that is retained in the liquid phase.

Neutron diffraction analysis can yield the complementary
liquid structure information. In the case of the dialkylimidazo-
lium systems, a close relationship between the crystal structure
and the liquid structure was found, emphasizing once again the
importance of the hydrogen-bonding interactions between ions.9

The existence of hydrogen-bonded clusters both in the solid
and liquid phases was also confirmed by IR and Raman
spectroscopy,10-12 NMR,13 and mass spectrometry.14,15

The dual nature of Cnmim+ ionic liquids, in terms of their
ability to interact through electrostatic and dispersive forces,
was demonstrated through their use as stationary phases in
chromatography.16 It was found that some IL stationary phases
could retain both polar and nonpolar molecules and, surprisingly,
that separation and selectivity for the series of normal alkanes
was excellent.

Watanabe et al.17 have studied the dependence of viscosity,
diffusion, and ionic conductivity on the alkyl-chain length in
[Cnmim][(CF3SO2)2N] ionic liquids, with n ) 1, 2, 4, 6, and 8.
They observed that viscosity increases and that both the self-
diffusion coefficient and the “ionicity”, or “degree of ion
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José N. A. Canongia Lopes† and Agı́lio A. H. Pádua‡,*
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Nanometer-scale structuring in room-temperature ionic liquids is observed using molecular simulation. The
ionic liquids studied belong to the 1-alkyl-3-methylimidazolium family with hexafluorophosphate or with
bis(trifluoromethanesulfonyl)amide as the anions, [Cnmim][PF6] or [Cnmim][(CF3SO2)2N], respectively. They
were represented, for the first time in a simulation study focusing on long-range structures, by an all-atom
force field of the AMBER/OPLS_AA family containing parameters developed specifically for these compounds.
For ionic liquids with alkyl side chains longer than or equal to C4, aggregation of the alkyl chains in nonpolar
domains is observed. These domains permeate a tridimensional network of ionic channels formed by anions
and by the imidazolium rings of the cations. The nanostructures can be visualized in a conspicuous way
simply by color coding the two types of domains (in this work, we chose red ) polar and green ) nonpolar).
As the length of the alkyl chain increases, the nonpolar domains become larger and more connected and
cause swelling of the ionic network, in a manner analogous to systems exhibiting microphase separation. The
consequences of these nanostructural features on the properties of the ionic liquids are analyzed.

Introduction

Room-temperature ionic liquids (RTILs) are low-melting
organic salts whose unique properties have been leading to an
increasing number of applications as solvents or reaction media.
Some of those properties were interpreted as the result of
structural features of the liquid phase at the molecular level.1

One of the most widely used and studied ionic liquid families
is the one based on imidazolium cations, in particular 1-alkyl-
3-methylimidazolium hexafluorophosphates [Cnmim][PF6]. The
cations are composed of a polar headgroup, where most of the
electrostatic charge is concentrated, and of a nonpolar alkyl side
chain, whereas the PF6- anion is octahedral, hence almost
spherical. The main difference between RTILs and simple
molten salts2,3 is the molecular asymmetry built into (at least
one of) the ions, usually the cation, as in the example given.
This asymmetry opposes the strong charge ordering due to the
ionic interactions that normally would cause the system to
crystallize, and thus, a wide liquid range is obtained. Due to
the molecular structure of the cations in [Cnmim][PF6] ILs, liquid
crystalline phases are observed for alkyl side chains longer than
dodecyl, but up to C12, the liquid phase is isotropic.4

To our knowledge, Compton was the first author to postulate
that ionic liquids containing dissolved water “may not be
regarded as homogeneous solvents, but have to be considered
as nano-structured with polar and nonpolar regions”,5 to explain
the large differences in the diffusion of neutral and charged
solutes that are observed when comparing dry and wet ionic
liquids. These authors did not extend such a hypothesis to pure
ionic liquids, but one of them considered the existence of
hydrogen-bond networks.6

Such hydrogen-bond networks observed in solution7 are also
found in the solid phase. In fact, the structure of some ILs that
are solid at room temperature was determined by X-ray
diffraction methods8 and, in the case of [Cnmim]+ ILs, the
structures show that the solid consists of an extended network
of cations and anions connected together by hydrogen bonds
(through the aromatic hydrogens of the imidazolium ring but
also through the hydrogen atoms of the methyl or methylene
groups directly attached to the ring), with each cation surrounded
by at least three anions and each anion surrounded by at least
three cations. Although the number of anions that surround the
cation (and vice-versa) can change depending upon the anion
size and the imidazolium alkyl substituents, this hydrogen-
bonded network of ions is a common feature of imidazolium
crystals6 that is retained in the liquid phase.

Neutron diffraction analysis can yield the complementary
liquid structure information. In the case of the dialkylimidazo-
lium systems, a close relationship between the crystal structure
and the liquid structure was found, emphasizing once again the
importance of the hydrogen-bonding interactions between ions.9

The existence of hydrogen-bonded clusters both in the solid
and liquid phases was also confirmed by IR and Raman
spectroscopy,10-12 NMR,13 and mass spectrometry.14,15

The dual nature of Cnmim+ ionic liquids, in terms of their
ability to interact through electrostatic and dispersive forces,
was demonstrated through their use as stationary phases in
chromatography.16 It was found that some IL stationary phases
could retain both polar and nonpolar molecules and, surprisingly,
that separation and selectivity for the series of normal alkanes
was excellent.

Watanabe et al.17 have studied the dependence of viscosity,
diffusion, and ionic conductivity on the alkyl-chain length in
[Cnmim][(CF3SO2)2N] ionic liquids, with n ) 1, 2, 4, 6, and 8.
They observed that viscosity increases and that both the self-
diffusion coefficient and the “ionicity”, or “degree of ion
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and the liquid structure was found, emphasizing once again the
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The existence of hydrogen-bonded clusters both in the solid
and liquid phases was also confirmed by IR and Raman
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was demonstrated through their use as stationary phases in
chromatography.16 It was found that some IL stationary phases
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connected to the imidazolium nitrogens); atoms that we identify
as forming the nonpolar region of the ion are those from C2 in
the alkyl chains onward. The rationale for such a division is
illustrated in the electrostatic surface potential plot in Figure 3.
In anions such as BF4, PF6, CF3SO3-, and (CF3SO2)2N-, all
atoms belong to the charged set.
Visualization of the charged and nonpolar domains that

eventually form in the liquid phase can be achieved in a very
effective way by applying a coloring code: red was chosen for
the atoms of the charged or “polar” regions, and green, for those
of the nonpolar ones, as in Figure 4. Examples of simulation
boxes containing ionic liquids are shown in Figure 5.
The results of the present study agree with those of Wang

and Voth25 concerning the broad picture, but our use of an
explicit-atom model provided additional detail. The distribution
of the charged domains is not homogeneous, but instead, it has
the form of a continuous tridimensional network of ionic
channels, coexisting with the nonpolar domains which form, in

some cases, dispersed microphases (in C2) or, in others,
continuous ones (in C12).
The simulation snapshots of Figure 5, especially those

rendered under the red/green polar/nonpolar convention, provide
a powerful visual insight into the nature and evolution of the
observed structures as the length of the nonpolar chain is
increased. However, a more complete analysis can be performed
if the radial distribution functions (and corresponding static
structure factors) are considered.
Polar Tridimensional Network. All of the IL structures in

Figure 5, from C2mim to C12mim, exhibit polar (red) domains
that become more and more permeated by nonpolar (green)
regions but, nevertheless, manage to preserve their continuity.
An analogy can be made to a gel, where, despite the eventual
swelling of the system, the interconnectivity of the cross-linked
phase remains intact.
To confirm the persistence of the polar structure as the alkyl-

chain length increases, we first analyzed the anion-anion center-
of-mass RDFs, shown in Figure 6a. It is obvious that the anion-
anion distances remain the same in all ILs, meaning that the
presence of longer alkyl chains will have to be accommodated
for without disruption of the cation-anion network and their
characteristic distances.

Figure 2. Site-site intermolecular radial distribution functions of the
terminal carbon of the alkyl side-chain in several ionic liquids composed
of 1-alkyl-3-methylimidazolium cations and PF6 or (CF3SO2)2N- anions.

Figure 3. Mapping of the electrostatic potential onto an isoelectronic
density surface obtained ab initio at the MP2 level (darker blue shades
represent more positive regions) in the C4mim+ cation. Details of the
calculations can be found in the literature.27

Figure 4. Coloring code used to distinguish the “polar” from the
“nonpolar” regions of the ions: (left) Corey, Pauling, Koltun
(CPK) coloring; (right) red/green coloring. The example given is
[C4mim][PF6].

Figure 5. Snapshots of simulation boxes containing 700 ions of
[Cnmim][PF6]. The application of a coloring code enables clear
identification of the charged and nonpolar domains that form in ionic
liquids. The lengths of the box sides are given: (a) [C2mim][PF6] CPK
coloring; (b) [C2mim][PF6] same configuration as in a with red/green
(charged/nonpolar) coloring; (c) [C4mim][PF6] l ) 49.8 Å; (d)
[C6mim][PF6] l ) 52.8 Å; (e) [C8mim][PF6] l ) 54.8 Å; (f) [C12mim]-
[PF6] l ) 59.1 Å.
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experimental levels to better rationalize the behavior of RTILs
in terms of their nanosegregated morphological organization.

Experimental Section

The employed RTILs are commercial products that were
purchased either from Merck (chloride salts) or from IOLITEC
(tetrafluoroborate salts). The tetrafluoroborate salts were kept
for at least 3 months under vacuum at room temperature to
reduce the moisture content.
[C4mim]Cl was molten under vacuum at ca. 60 °C and kept

in these conditions for 1 day. Then the sample was kept under
vacuum at room temperature: under these conditions, the
corresponding liquid salt remained in this state for periods of
weeks, without any indications of crystallization. The same
treatment was applied to 1-allyl-3-methyl imidazolium chloride
(hereinafter indicated as [C3mim]Cl), which has been purchased
from IOLITEC.
[C6mim]Cl, [C8mim]Cl, and [C10mim]Cl were purchased

as viscous liquids. They were kept under vacuum at 60 °C for
1 day and subsequently kept at room temperature under vacuum,
without any occurrence of crystallization for extended periods
of many weeks.
WAXS data were collected using a low-temperature Guinier

diffractometer manufactured by Huber (type 645), operating at
the wavelength λ ) 1.54 Å. The sample was sandwiched
between two amorphous plastic foils, whose contribution was
subsequently subtracted. The instrumental setup allowed
collecting data from 100 K up to room temperature, covering a
Q range between 0.25 and 5.0 Å-1.
X-ray diffraction data were also collected at the ID02

beamline at the European Synchrotron Radiation Facility
(ESRF), using an instrumental setup which allows covering the
momentum range between 0.01 and 0.9 Å-1. Measurements
were collected at room temperature, using a thermostated bath,
and the samples were kept in a temperature-controlled flow-
through cell, with internal diameter of 1.9 mm. With this sample
environment, sample and solvent scattering are measured inside
the same capillary, thus allowing reliable empty cell subtraction.
Data were converted to absolute intensity values, by means of
normalization with the scattering from water contained in a
2.0 mm capillary at 25 °C, using an incoming beam with energy
12.5 keV.

Results and Discussion

The X-ray diffraction patterns from the series of chloride salts
at room temperature are plotted in Figure 1. We limit our
description to the lower Q range, aiming to describe shorter
range correlations in a subsequent report. In the reported
Q range, the most striking feature is the occurrence of diffraction
peaks in some of the intermediate alkyl chain length salts. In
particular, it can be observed that while [C3mim]Cl shows a
monotonously increasing signal, all the other salts (i.e., [C4mim]-
Cl, [C6mim]Cl, [C8mim]Cl, and [C10mim]Cl) show a peak
whose position strongly depends on the alkyl chain length.
This is the first experimental indication of the existence of a

nanoscale ordering in RTILs with intermediate alkyl chain
length.
In the inset of Figure 1, the alkyl chain length dependence

of the spatial correlation, L, corresponding to the interference
peak position, QMAX, is reported (L ) 2π/QMAX). The observed
spatial correlations range from 13 to 27 Å for the investigated
RTILs, indicating the existence of ordering at the nanometer
scale. This ordering strongly depends on the alkyl chain
length: the reported straight line corresponds to a linear fit

which nicely describes the growth of the spatial correlation upon
increasing the alkyl chain length, with an increase of 2.1 Å per
-CH2- unit.
The finding that supercooled chloride-based RTILs show a

high degree of nanoscale organization is outstanding, as liquid
and supercooled RTILs with intermediate alkyl chain length are
generally considered to be morphologically homogeneous.
To confirm these findings on a different set of RTILs, we

also measured the X-ray diffraction pattern from [BF4]-based
RTILs, namely, [C4mim][BF4], [C6mim][BF4], and [C8mim]-
[BF4]. These salts are thermodynamically stable liquids at room
temperature and have not been reported to crystallize. The
corresponding X-ray diffraction data at room temperature are
plotted in Figure 2. In the inset of Figure 1 we also report the
corresponding correlation lengths, L, for the cases [C6mim][BF4]
and [C8mim][BF4] and these spacings are quite close to the
corresponding ones obtained for the chloride-based RTILs.
These results suggest that the behavior observed for the

chloride-based RTILs is confirmed for the case of the tetrafluo-
roborate-based RTILs, thus indicating that the observed nanos-
cale correlations exist both in supercooled and in liquid RTILs.
We also have collected X-ray diffraction data on RTILs based

Figure 1. X-ray diffraction patterns from the series of supercooled
liquid RTILs: [Cnmim]Cl, n ) 3, 4, 6, 8, 10, at 25 °C. In the inset the
spatial correlation L ) 2π/QMAX, QMAX being the interference peak
position, is plotted (circles) as a function of n, the alkyl chain length,
for n g 4. The corresponding data are also reported for the cases n )
6 and 8 for [Cnmim][BF4] (squares).

Figure 2. X-ray diffraction patterns from the series of liquid RTILs
[Cnmim][BF4], n ) 4, 6, 8, at 25 °C.
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Room-temperature ionic liquids (RTILs) are organic salts that are characterized by low melting points. They
are considered to possess a homogeneous microscopic structure. We provide the first experimental evidence
of the existence of nanoscale heterogeneities in neat liquid and supercooled RTILs, such as 1-alkyl-3-methyl
imidazolium-based salts, using X-ray diffraction. These heterogeneities are of the order of a few nanometers
and their size is proportional to the alkyl chain length. These results provide strong support to the findings
from recent molecular dynamics simulations, which proposed the occurrence of nanostructures in RTILs, as
a consequence of alkyl chains segregation. Moreover, our study addresses the issue of the temperature
dependence of the heterogeneities size, showing a behavior that resembles the density one only below the
glass transition, thus suggesting a complex behavior above this temperature. These results will provide a
novel interpretation approach for the unique chemical physical properties of RTILs.

Introduction

Room-temperature ionic liquids (RTILs)1-4 are salts with low
melting point, typically below 100 °C. Their chemical structure
includes a bulky cation, such as 1-alkyl-3-methyl imidazolium
(hereinafter indicated as Cnmim), and a fluorinated anion, such
as BF4- or PF6-. Such a chemical architecture leads to a very
low melting point (but examples exist, where no crystallization
is observed, e.g., in [C4mim][BF4]) and a wide temperature
window where the liquid state is stable. These features together
with the negligible vapor pressure make these liquids ideal
solvents for a wide range of applications, including synthesis,
biocatalysis, electrochemistry, etc.5-12 Moreover, the chemical
physical properties of RTILs can be easily modulated, changing
the alkyl chain length and the nature of the anion, thus leading
to the definition of designer solVents for these liquids.4,13-15
Considering a given anion, X, the phase diagrams of the salts

obtained increasing the alkyl chain length, n, in [Cnmim][X]
show a great degree of complexity.16-18 For example, in the
case of X ) [BF4-], a detailed investigation16 has shown the
existence of three alkyl chain length regimes: (a) short chains
(n < 3) lead to salts with strong interactions, which are
characterized by a distinct crystalline behavior with relatively
high melting points; (b) intermediate alkyl chain lengths (3 <
n < 10) lead to a wide liquid range, with low freezing points,
and the tendency to form glasses upon cooling; (c) long alkyl
chain lengths (n > 10) salts are characterized by a complex
crystalline behavior, typically showing mesomorphism; their
morphology is influenced by hydrophilic and hydrophobic

behavior of the charged portions and the alkyl tail, respectively,
leading to microphase separation.

It is commonly assumed that intermediate chain length salts,
such as 1-butyl-3-methyl imidazolium tetrafluoroborate, [C4mim]-
[BF4],16 are structurally homogeneous in their liquid and
supercooled states where they are finding a progressively
increasing number of smart applications. Many studies on these
neoteric solvents consider them merely as simple molten salts
and only recently a number of simulation studies revealed the
perspective that a substantial structural heterogeneity may
characterize these liquids.19-22

Short-range order in liquid [C1mim]-based RTILs has been
found to be mainly related to electrostatic and hydrogen bond
interactions, leading to the formation of charge ordering over
two or three coordination shells.23,24 The existence of some
degree of order in longer alkyl chain RTILs ([Cnmim]X with
12 e n e 18) in the molten state has also been observed.16-18

However, so far, no experimental study exists addressing the
existence of structural correlations in intermediate alkyl chain
length (IACL) RTILs ([Cnmim] with 4 e n e 10), whose
morphology is commonly considered as fully isotropic and
homogeneous.16

Recently, a number of molecular dynamics (MD) simulation
studies identified the occurrence of nanoscale segregation in
IACL RTILs, as due to the alkyl moieties aggregation.19-22 This
behavior if experimentally confirmed would provide new
interpretation approaches to the peculiar chemical-physical
properties of these liquids.

In this report we provide the first experimental evidence of
the existence of nanoscale segregation in IACL RTILs, using
X-ray diffraction, a technique which allows probing of spatial
correlations of the order of tens of Angstroms. This finding will
require further investigations both at the theoretical and
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Room-temperature ionic liquids (RTILs)1-4 are salts with low
melting point, typically below 100 °C. Their chemical structure
includes a bulky cation, such as 1-alkyl-3-methyl imidazolium
(hereinafter indicated as Cnmim), and a fluorinated anion, such
as BF4- or PF6-. Such a chemical architecture leads to a very
low melting point (but examples exist, where no crystallization
is observed, e.g., in [C4mim][BF4]) and a wide temperature
window where the liquid state is stable. These features together
with the negligible vapor pressure make these liquids ideal
solvents for a wide range of applications, including synthesis,
biocatalysis, electrochemistry, etc.5-12 Moreover, the chemical
physical properties of RTILs can be easily modulated, changing
the alkyl chain length and the nature of the anion, thus leading
to the definition of designer solVents for these liquids.4,13-15
Considering a given anion, X, the phase diagrams of the salts

obtained increasing the alkyl chain length, n, in [Cnmim][X]
show a great degree of complexity.16-18 For example, in the
case of X ) [BF4-], a detailed investigation16 has shown the
existence of three alkyl chain length regimes: (a) short chains
(n < 3) lead to salts with strong interactions, which are
characterized by a distinct crystalline behavior with relatively
high melting points; (b) intermediate alkyl chain lengths (3 <
n < 10) lead to a wide liquid range, with low freezing points,
and the tendency to form glasses upon cooling; (c) long alkyl
chain lengths (n > 10) salts are characterized by a complex
crystalline behavior, typically showing mesomorphism; their
morphology is influenced by hydrophilic and hydrophobic

behavior of the charged portions and the alkyl tail, respectively,
leading to microphase separation.

It is commonly assumed that intermediate chain length salts,
such as 1-butyl-3-methyl imidazolium tetrafluoroborate, [C4mim]-
[BF4],16 are structurally homogeneous in their liquid and
supercooled states where they are finding a progressively
increasing number of smart applications. Many studies on these
neoteric solvents consider them merely as simple molten salts
and only recently a number of simulation studies revealed the
perspective that a substantial structural heterogeneity may
characterize these liquids.19-22

Short-range order in liquid [C1mim]-based RTILs has been
found to be mainly related to electrostatic and hydrogen bond
interactions, leading to the formation of charge ordering over
two or three coordination shells.23,24 The existence of some
degree of order in longer alkyl chain RTILs ([Cnmim]X with
12 e n e 18) in the molten state has also been observed.16-18

However, so far, no experimental study exists addressing the
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and the tendency to form glasses upon cooling; (c) long alkyl
chain lengths (n > 10) salts are characterized by a complex
crystalline behavior, typically showing mesomorphism; their
morphology is influenced by hydrophilic and hydrophobic

behavior of the charged portions and the alkyl tail, respectively,
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12 e n e 18) in the molten state has also been observed.16-18

However, so far, no experimental study exists addressing the
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length (IACL) RTILs ([Cnmim] with 4 e n e 10), whose
morphology is commonly considered as fully isotropic and
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Recently, a number of molecular dynamics (MD) simulation
studies identified the occurrence of nanoscale segregation in
IACL RTILs, as due to the alkyl moieties aggregation.19-22 This
behavior if experimentally confirmed would provide new
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properties of these liquids.

In this report we provide the first experimental evidence of
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X-ray diffraction, a technique which allows probing of spatial
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connected to the imidazolium nitrogens); atoms that we identify
as forming the nonpolar region of the ion are those from C2 in
the alkyl chains onward. The rationale for such a division is
illustrated in the electrostatic surface potential plot in Figure 3.
In anions such as BF4, PF6, CF3SO3-, and (CF3SO2)2N-, all
atoms belong to the charged set.
Visualization of the charged and nonpolar domains that

eventually form in the liquid phase can be achieved in a very
effective way by applying a coloring code: red was chosen for
the atoms of the charged or “polar” regions, and green, for those
of the nonpolar ones, as in Figure 4. Examples of simulation
boxes containing ionic liquids are shown in Figure 5.
The results of the present study agree with those of Wang

and Voth25 concerning the broad picture, but our use of an
explicit-atom model provided additional detail. The distribution
of the charged domains is not homogeneous, but instead, it has
the form of a continuous tridimensional network of ionic
channels, coexisting with the nonpolar domains which form, in

some cases, dispersed microphases (in C2) or, in others,
continuous ones (in C12).
The simulation snapshots of Figure 5, especially those

rendered under the red/green polar/nonpolar convention, provide
a powerful visual insight into the nature and evolution of the
observed structures as the length of the nonpolar chain is
increased. However, a more complete analysis can be performed
if the radial distribution functions (and corresponding static
structure factors) are considered.
Polar Tridimensional Network. All of the IL structures in

Figure 5, from C2mim to C12mim, exhibit polar (red) domains
that become more and more permeated by nonpolar (green)
regions but, nevertheless, manage to preserve their continuity.
An analogy can be made to a gel, where, despite the eventual
swelling of the system, the interconnectivity of the cross-linked
phase remains intact.
To confirm the persistence of the polar structure as the alkyl-

chain length increases, we first analyzed the anion-anion center-
of-mass RDFs, shown in Figure 6a. It is obvious that the anion-
anion distances remain the same in all ILs, meaning that the
presence of longer alkyl chains will have to be accommodated
for without disruption of the cation-anion network and their
characteristic distances.

Figure 2. Site-site intermolecular radial distribution functions of the
terminal carbon of the alkyl side-chain in several ionic liquids composed
of 1-alkyl-3-methylimidazolium cations and PF6 or (CF3SO2)2N- anions.

Figure 3. Mapping of the electrostatic potential onto an isoelectronic
density surface obtained ab initio at the MP2 level (darker blue shades
represent more positive regions) in the C4mim+ cation. Details of the
calculations can be found in the literature.27

Figure 4. Coloring code used to distinguish the “polar” from the
“nonpolar” regions of the ions: (left) Corey, Pauling, Koltun
(CPK) coloring; (right) red/green coloring. The example given is
[C4mim][PF6].

Figure 5. Snapshots of simulation boxes containing 700 ions of
[Cnmim][PF6]. The application of a coloring code enables clear
identification of the charged and nonpolar domains that form in ionic
liquids. The lengths of the box sides are given: (a) [C2mim][PF6] CPK
coloring; (b) [C2mim][PF6] same configuration as in a with red/green
(charged/nonpolar) coloring; (c) [C4mim][PF6] l ) 49.8 Å; (d)
[C6mim][PF6] l ) 52.8 Å; (e) [C8mim][PF6] l ) 54.8 Å; (f) [C12mim]-
[PF6] l ) 59.1 Å.
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Translational solvation in ionic liquids
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Translational solvation in ionic liquids
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Proposal:  
LITR-SAXS studies of time-dependent 
translational dynamics in ionic liquids



Summary:  Future Directions for Time-Resolved 
Structural Dynamics for Condensed-Phase Chemistry

Laser-Induced Time-Resolved
X-ray Absorption Spectroscopy (LITR-XAS)

Laser-Induced Time-Resolved
Small-Angle X-ray Scattering (LITR-SAXS)

Laser-Induced Time-resolved X-ray Diffraction
(LITR-XRD)


